Due to their wide range of friction characteristics resulting from the application of different friction materials and good heat dissipation conditions, railway disc brakes have long replaced block brakes in many rail vehicles. A block brake still remains in use, however, in low speed cargo trains. The paper presents the assessment of the braking process through the analysis of vibrations generated by the components of the brake system during braking. It presents a possibility of a wider application of vibroacoustic diagnostics (VA), which aside from the assessment of technical conditions (wear of brake pads) also enables the determination of the changes of the average friction coefficient as a function of the braking onset speed. Vibration signals of XYZ were measured and analyzed. The analysis of the results has shown that there is a relation between the values of the point measures and the wear of the brake pads.
INTRODUCTION
The growing speeds of trains force the application of friction disc brakes as the main train stopping systems. This is particularly the case for trains comprising a locomotive and passenger's coaches. In the case of traction sets, commonly referred to in Polish as 'EZT' a friction disc brake cooperates with an electrodynamic brake, in which the traction motors, acting as generators of additional resistance (regenerative braking) absorb the braking energy in the first stage of the process. Only in the second stage of braking are the disc brakes engaged at the speed of approx. 10 km/h following the drop in the efficiency of the electrodynamic brake. Due to the use of two braking systems, the work on vibroacoustic diagnostics (VA) of traction motors is presented in the works [10] , [11] , [12] or friction discs described in the works [28] , [30] .
The main advantages of a disc brake system include a stable course of the average friction coefficient as a function of speed of the onset of braking on the level of 0.35 or 0.37 as per [17] depending on the maximum train speed (0.37 for vmax=300 km/h, 0.35 for vmax=200 km/h) and good conditions of dissipation of the accumulated thermal energy to the environment, which is particularly efficient in the case of ventilated discs. A stable course of the braking process and the high value of average friction coefficient of as much as 0.4, when sintered brake pads are applied, as well as a quick transfer and dissipation of thermal energy enables the application of greater forces of the brake pads exerted on the disc, hence better braking power. One of the few downsides of a disc brake system is that it is impossible to control the wear level of the components of the friction pair in operation. This is particularly conspicuous in passenger coaches, where the brake discs are fitted on the axles between the wheels as shown in Fig.1.b) . In order to check the wear level of the friction pads, it is necessary to send the coach for service procedures so that the technicians can ascertain the wear from under the car and, if boundary wear is reached, renew the brake pads. In Journal homepage: http://www.degruyter.com/view/j/msr the automotive industry, the problem of brake pad wear has been resolved by applying a wear sensor in the brake pad. At the pad thickness of 2-3 mm the abrasion of the metal part of the sensor closes the circuit by connecting the sensor with the metal brake disc.
The selection of proper materials for the friction pair of a disc brake allows a wide range of the brake's friction characteristics, which directly influences the braking process. Instability of the braking process is an effect of a variety of phenomena discussed by many researchers. One of them is self-induced vibrations generated by the brake systems in different phases of the braking process, as presented in [7] , [18] , [27] , [35] . The fluctuation of the instantaneous friction coefficient directly influences the vibration of variable amplitude. Another phenomenon of a thermal nature are the hot spots occurring on the brake disc, the effect of which is an uneven distribution of temperature and high local increments of temperature reaching 8, presented in [36] as a relation between the maximum temperature (at the hot spot) of the friction ring and the minimum temperature. The problem of the hot spots phenomenon on both the brake discs and clutch discs in motor vehicles has been presented in [2] , [14] , [16] , [19] , [24] . A separate problem adversely influencing the braking process are the chemical changes occurring in the brake pad material at high temperatures (above 200°C). This is related to the degassing of resins connecting the organic components of the metal brake pads, which results in the formation of a gas cushion between the brake pad and the disc. In literature, this effect is referred to as fading and has been described in [6] , [8] , [22] . In order to minimize the fading phenomenon, the manufacturers of the friction materials subject the brake pads to thermal processing at the temperature of 1200°C (scorching). Simultaneously, works are underway related to the materials for brake discs aiming at selecting appropriate components and thermal-chemical processing of irons, both gray and spheroid described in [1] , [4] , [5] , [23] , [25] .
The aim of the investigations presented in the paper is an attempt to use the vibrations generated by the brake system while braking at different speeds to assess the braking process understood as change in the friction coefficient.
SELECTED MODELS OF VIBRATIONS IN DISC BRAKES
The initial models assumed that self-induced vibrations of the brake were related to the drop in the friction coefficient and an increase in the slide velocity. This is the case for a variety of materials but only for a limited range of speed change. If we assume a brake model of one degree of freedom as in Fig.2 .b) then the equation of motion is expressed by the relation (1) [34] .
where: m1, m2 -masses of bodies, The system described in the equation of motion (1) will go into unstable vibrations depending on the values of the coefficient of damping μ, as shown in the relation (2).
The first model that presents the possibility of instability of the friction system for a constant value of the friction coefficient was presented by Spurr as a slider with an angular support, as shown in Fig.3.a) . This solution was improved by Jarvis and Earles. This mode, however, is geometrically inconsistent with the actual friction disc brake. Then, the condition of instability is determined with the relation (3) [34] : Fig.3 . A model of instability of the friction system: a) disc -slider on an angular support; b) binary flutter of lumped parameters [34] .
Another model was proposed by North and then Millner. This was a binary flutter model close to the model of a disc brake. The vibration mechanism in this case is similar to that of the fluttering effect of the wings of a plane. The race of the disc brake was replaced by a straight rigid beam of two degrees of freedom. The cross-section of the pad-race-pad system of the length of 2xl is shown in Fig.3.b) . The condition of instability of the presented model is expressed by the relation (4) [34] : As Crolla and Lang have proved, this and the other models do not entirely reflect the actual brake operation. Thanks to these models, however, we can obtain qualitative information needed in the design process of brake systems and in the search for design solutions eliminating some classes of vibrations and the resultant noise [34] .
METHODOLOGY AND OBJECT OF RESEARCH
Research of a friction-vibroacoustic nature was performed on a certified inertia test stand at TABOR Institute of Rail Vehicles in Poznań. The test stand enables investigations of actual brake systems of rail vehicles (including pad and rail brakes) in the scale 1:1. Data obtained during tests on the certified brake inertia test stand are used for modeling the braking process or forecasting damage to brake system components. [9] . Fig.4 . View of the research object on the disc brake test stand: a) view of the friction pair -brake disc and pads; b) View of the measurement section of the test stand; c) view of the drive component of the test stand with the rotating masses; d) View of the vibration transducer Brüel&Kjaer type 4504A, 1 -brake disc, 2 -brake clasps and the pads, 3 -static force sensor referred to the brake radius, 4 -sensors of the pressing force of the pads to the brake disc, 5 -rotational speed sensor, 6 -vibration transducer.
The investigations were performed according to the assumptions of the active experiment described in [20] , [21] , the input parameters were intentionally modified in order to record the output parameters. The input parameters were the simulated speed of the onset of braking v, the pressing force of the pads on the brake disc N, the mass to be decelerated M, and the wear of the brake pads G. The output parameters were instantaneous tangential force Ft referred to the radius of braking r, instantaneous pressing force on the brake disc Fb, and instantaneous value of the vibration accelerations a. The observations of the input parameters on the changes of the output parameters were performed. Fig.4 . presents the brake test stand and the measurement equipment. For the measurements, the following sensors have been applied: HBM sensors (force) and B&K transducers (vibrations). The research object was a 590×110 railway brake disc with ventilating vanes and three sets of 175 FR20H.2 brake pads (a set of new pads of the thickness of 35 mm and two worn sets of 25 mm and 15 mm). During the tests a procedure of active experiment was applied, in which the output parameters were recorded following a modification of the input parameters. Tests of a tribological nature were performed according to the requirements stipulated in [17] , [26] . During the tests, braking was performed from the speeds of 50, 80, 120, 160 and 200 km/h. During the tests, the pressing force of the pads to the disc of 25 kN was applied and the simulated mass to be decelerated was 5.7 tons.
The vibroacoustic tests were performed simultaneously with the friction (tribological) tests. One of the clasps was fitted with the vibration transducer shown in Fig.4.a) . The measurements of the vibration accelerations were performed perpendicularly to the surface of the disc based on the experience of other researchers presented in [28] , [32] . Fig.5 . presents the diagram of the measurement track on the test stand additionally extended by the measurement of the vibration accelerations.
ANALYSIS OF THE RESULTS
In the domain of amplitudes of the analysis of vibration accelerations, the most frequently used are point measures that characterize a given vibration process with a single value according to [37] . Then, in vibroacoustic diagnostics in particular (VA), it is possible to determine the changes in the VA signal that result from a change of the technical condition of the tested object. Literature presents a variety of papers depicting the application of vibroacoustic diagnostics in road vehicles, rail vehicles, and aircrafts [3] , [32] , [33] . In order to determine the relation between the average friction coefficient and the vibrations generated by the brake system, in the first place it was proved that there exists a relation between the vibrations measured on the clasp and the technical condition of the system understood as the wear of the brake pads. To this end, for all analyzed speeds on the test stand, vibrations of the clasp were recorded, as shown in Fig.6 . Then the following point measures were determined according to [37] : 1) RMS value of the vibration accelerations described with the relation (5): 2) The average values of the vibration accelerations described with the relation (6):
3) Root value of the vibration acceleration described with the relation (7):
( ) For each point measure, the potential of using it as a parameter indicating the condition of the brake pads was verified. To this end, the coefficient of dynamics of the change of the diagnostic parameter was applied as per the relation (9) [13] : The recorded vibration signals were analyzed in Matlab 2014a. This included a deletion of fragments of signals not related to the braking process (startup of the test stand and coasting needed for the disc cooling), averaging as per relations (5)- (8) and determining of the dynamics of the change of the diagnostic parameter. Table 1 . presents the values of the point measures determined in the braking process for different speeds of the onset of braking.
The analysis of the results has shown that there is a relation between the values of the point measures and the wear of the brake pads (measuring the vibrations on the clasps with the brake pads fitted). Only in the case of low braking onset speeds (to 50 km/h) the dynamics of changes of the most heavily worn brake pad (15 mm) does not reach 6 dB. The braking processes for the speed starting from 80 km/h result in the peak value of the vibration acceleration and dynamics of the changes of the diagnostic parameter exceeding 6 dB. Higher braking onset speeds (160 and 200 km/h) cause also this point measure (APEAK) to find application in the measurements of the brake system vibrations. Fig.8 . shows the relation between the dynamics of changes of the diagnostic parameter and the analyzed braking onset speeds. Following the information in Table 1 ., Fig.7. and Fig.8 ., it has been confirmed that the difference in the values of the point measures (between the new brake pads and the used ones) increases with the growing braking onset speed. Due to the dynamic nature of the braking process, particularly at high braking onset speeds, the vibrations generated by the brake system provide information related to the wear of the brake pads, which, in the further part of the paper will also be used in the assessment of the braking process understood as changes in the average friction coefficient. For further analyses, the effective and the average values of the vibration accelerations from the point measures were utilized due to the high value of the coefficient of dynamics of the changes of the diagnostic parameter for all braking onset speeds under analysis. In order to assess the brake pad wear, a reverse function to the approximating functions (shown in Fig.7 .) was applied, so that it was possible to assess the thickness of the brake pads based on the value of the point measures, averaging the entire process of braking until a full halt. Fig.9 . and Fig.10 . show the relation between the brake pad thickness and a given point measure, i.e. the effective value and the average value. 
In the further stage of the investigations carried out simultaneously with the vibration research, the authors measured instantaneous tangential force Ft referred to the braking radius and the instantaneous clamping force Fb of the friction pads to the brake disc in order to calculate the friction coefficient according to the relation (20) . shows the average friction coefficient as a function of the braking onset speed for three values of the brake pad thickness. Fig.11 . Dependence of the average friction coefficient μm on the braking onset speed at N=25 kN, M=5.7 t for three values of the brake pad thickness.
Analyzing Fig.11 ., it can also be observed that the average friction coefficient also depends on the conditions of the brake pads (their wear). As the brake pads wear down, the value of the average friction coefficient decreases. Fig.12 . and Fig.13 . show the dependence of μm on the thickness of the brake pads. Additionally, the average friction coefficient was approximated with the linear function as shown by the relations presented in the graphs. Fig.12 . Dependence of the average friction coefficient μm on the thickness of the brake pads for the braking onset speeds of v=50 and 80 km/h. Fig.13 . Dependence of the average friction coefficient μm on the thickness of the brake pads for the braking onset speeds of v=120, 160 and 200 km/h. Because of the occurrence of linear (low braking onset speeds) or non-linear (higher braking onset speeds) relation between the values of the brake pad thickness and the values of the point measures and a linear relation between the average friction coefficient and the brake pad thickness, a relation aiming at the estimation of the average friction coefficient based on the recorded vibrations was determined through the method of substitution of two functions. A general form of the determination of the average value of the friction coefficient is expressed by equations (22) and (23) . Equation (22) is based on two linear functions and equation (23) The analyses of the results in the domain of amplitudes have shown that, based on the point measures of vibration accelerations of the brake system discussed in the paper, a diagnostic of the brake conditions is possible as described earlier in [15] , [28] , [31] , including the assessment of the braking process through the determination of the average friction coefficient. Table 2. and Table 3 . present the relative percentage error of the suitability of the model of the average friction coefficient based on functions (23)- (32) against the values determined during the tests on a certified railway brake test stand. The authors relied on the two point measures of the vibration accelerations measured on the brake clasps during the braking process. It should be noted that also in the field of vibroacoustic diagnostics of the braking systems are used more advanced analyses as frequency analysis presented in the work [29] or timefrequency analysis [30] . However, in spite of the greater accuracy of the friction wear estimation, in the case of a diagnostic system, such analyses will generate a more sophisticated vibroacoustic signal processing system. The graphical representation of the suitability of the regressive model of the value estimation of the average friction coefficient against the test results on the railway brake test stand is shown in Fig.14 . (23)- (32) as a function of the thickness of the brake pads and the braking onset speeds. Fig.15 . Algorithm for evaluation of wear of friction pads and assessment of braking process on example of braking from speed v=120 km/h, MSB -Make stopping braking, τ -time increment. Fig.15 . shows the algorithm for the selected braking speed for simultaneous evaluation of friction pad wear and the evaluation of braking. The braking process is evaluated by determining the mean friction coefficient. The algorithm used to process the vibroacoustic signal generated by the friction pad during braking is used to assess friction wear. The wear assessment is made in three ranges, i.e. for the thickness of the pad between 5 and 35mm, for a thickness of 5mm, and for a thickness of less than 5mm where a pad replacement message is generated for the new pad. Then, by applying the functions described in (24) - (33) , it is possible to determine the mean coefficient of friction for the braking speed from 50 to 200 km/h.
CONCLUSION
The paper presents a possibility of a wider application of vibroacoustic diagnostics (VA), which, aside from the assessment of technical conditions (in this case, wear of the brake pads) also enables the determination of the changes of the average friction coefficient as a function of the braking onset speed. It results from the fact of a heavy dependence of the diagnostic parameter on the brake pad wear expressed with the dynamics of changes exceeding 6 dB as well as the dependence of the average friction coefficient on the speed and brake pad wear. The connection of both functions, i.e. the wear of the brake pads/values of the point measures of vibration accelerations and the average friction coefficient/wear of the brake pads allows determining the linear (low speeds) and non-linear (greater speeds) regressive models for the assessment of the average friction coefficient. In the analysis of vibration signals, point measures in the domain of amplitudes are sufficient being averaged to a single value of instantaneous changes of the vibration accelerations of a selected component of a brake system. An error in the reproduction of the model of average friction coefficient, based on the determined point measures during the braking process, reaches 6 % only for some braking onset speeds. The article presents an algorithm for simultaneous evaluation of wear of friction pads and evaluation of braking process based on linear functions (24)- (33) . The application of more sophisticated analysis tools such as FFT and STFT frequency analysis with filters or the application of a time-frequency analysis will enable better compliance of the model results with the actual results, however, it will result in a more complicated signal processing system and ultimately a more complex diagnostic system.
